Catalytic enantioselective hydrogenations of acyclic and cyclic α,β-unsaturated ketones and aldehydes are useful protocols for introduction of chiral centers at α-and/or β-positions of ketones especially in process scale reactions, which are reviewed in addition to conjugate and organocatalytic transfer reductions from the literatures since 2000.
Introduction
There have been a number of natural products and physiologically important compounds having chiral centers at α-or β-positions of ketones and their equivalents. Success for total syntheses of such compounds depends on how to control introduction of these chiral centers efficiently. Among a number of methods to introduce a chiral center at α-position, enantioselective alkylation [1] , protonation of prochiral enolates or enol ethers [2] , or conjugate addition to α-alkylidene ketones has been well studied [3] . For introduction of a chiral center at β-position, there have been a number of studies on enantioselective conjugate addition to α,β-unsaturated ketones [3] . In spite of plethora of such enantioselective reactions to introduce chiral centers, some reactions require stoichiometric amount of chiral auxiliaries. Even under catalytic reaction conditions, a variety of sophisticated reagents such as organometallic reagents with chiral ligands have been employed. Compared to these protocols, enantioselective catalytic hydrogenation of α,β-unsaturated ketones has many advantages, which enable efficient reaction procedure, high atom economy, clean reaction conditions with less byproducts and wastes, and facile work-up without extraction. The strategy is favorable especially for process scale reactions for production of pharmaceutical compounds [4] .
Present review focused on enantioselective catalytic hydrogenation of α,β-unsaturated ketones and aldehydes, along with some related methodologies including transfer and organomolecular catalyzed reductions since 2000. Compared to enantioselective hydrogenation of α,β-unsaturated esters or acids, hydrogenation of α,β-unsaturated ketones and aldehydes has been overlooked so far partly due to sensitive nature to reduce C=C double bond chemo-and enantioelectively. Biocatalytic reduction is not considered in this article, which will be reviewed separately in due course.
Catalytic Enantioselective hydrogenation
Introduction of chiral center at a-position of ketone Enantioselective hydrogenation combining conventional heterogeneous catalyst and natural amine compounds has been reported, which is easy to operate without syntheses of chiral ligands and metal complexes, although enantioselectivity is not satisfactory.
The reduction employing (S)-proline as a chiral auxiliary proceeded at ambient pressure with 100% conversion (Scheme 1). Sodium methoxide was added to promote the reaction of the substrate with proline, in which possibility of epimerization by the sodium methoxide was not excluded. Without sodium methoxide, racemic product was obtained probably due to no intervention of proline.
Scheme 1: Hydrogenation of α-benzylidene ketones with Pd/C and (S)-proline [5] .
In order to suppress post-epimerization by sodium methoxide, the same research group improved the reaction by adding stoichiometric amount of proline at high pressure without sodium methoxide to result in satisfactory enantioselectivity, while the high enantioselectivity was not realized in the reduction of 3-methylcyclohex-2-en-1-one (Scheme 2). Higher pressure was required in the case of cinchonidine assisted hydrogenation probably owing to steric hindrance of the bulky cinchonidine amino group (Scheme 4). The enantioselectivity was dependent on toluene and charcoal, whereas other support material TiO 2 or Al 2 O 3 exhibited lower enantioselectivity.
Scheme 4:
Hydrogenation of α-benzylidene ketones with Pd black and cinchonidine [8] .
There have been no reports on reduction of acyclic α,β-unsaturated ketones employing natural amines as chiral auxiliaries. Since combination of a heterogeneous catalyst and natural amine has limitations in enantioselectivity and generality of substrates, strategy of enantioselective hydrogenation has shifted to a homogeneous catalyst equipped with chiral ligand. By tuning metals and electronic as well as steric properties of ligands, rational design of the reduction becomes feasible [9] .
Acyclic α,β-unsaturated ketone or α-alkylidene cycloalkanone can take s-cis conformation to coordinate to a metal center of a catalyst resulting in sterically fixed intermediate, which enables reduction from one face of the double bond more efficiently. Better enantioselectivity was observed often in these substrates than cyclic α,β-unsaturated ketones having endo-s-trans olefins.
Pfaltz et al. have developed a variety of chiral phosphinooxazoline ligands (P,N-ligands or PHOX ligands) and demonstrated utility of their iridium complex towards various catalytic enantioselective reductions [10] . Scheme 5: Hydrogenation of acyclic and cyclic α,β-unsaturated ketones with Ir/PHOX [11] .
In these iridium complexes, weakly coordinating BAr F [B(3,5-(CF 3 ) 2 C 6 H 3 ) 4 ] was employed as a counter anion, which gives to the catalyst more stability against moisture and solubility to non-polar organic solvents. The reaction condition was applicable to a gramscale reaction. Substituents on the aromatic rings of the substrates did not influence the reaction and nitro or halogen groups were stable under the reaction conditions. Enantioselectivity of β-ethylsubstituted substrates slightly lowered. Reduction of five-to sevenmembered α-benzylidene ketones proceeded in a similar manner (Scheme 5, Equation 2). The reduction by Ir(cod)PHOX complex was proposed to proceed via oxidative addition of the catalyst to hydrogen followed by coordination to substrates.
Subsequently, an iridium catalyst having a PHOX ligand with an extra methylene tether was developed (Scheme 6). The catalyst was effective to reduce not only α,β-unsaturated ketones but also unfunctionalized tri-substituted olefins, α,β-unsaturated esters, allyl alcohols and imines in highly enantioselective manner. Peaks in 31 P NMR spectrum became sharp when isopropyl group of the ligand was replaced with t-butyl group. The X-ray analysis of the catalyst having methyl group instead of isopropyl group showed slightly larger P-Ir-N bite angle, which suggested that the seven-membered chelate complex including iridium became more flexible to accept different substrates. The PHOX ligand by Bolm et al. was modified into an alternative P,N-ligand, which was prepared by the Passerini-type reaction from hydroxyisonitrile and pivalaldehyde (Scheme 7). The iridium complex was stable enough to be purified by column chromatography. The catalyst was characteristic to reduce acyclic β-aryl-α-methyl-α,β-unsaturated ketones in higher enantioselectivity. Six-membered α-benzylidene ketone was reduced satisfactorily, while unsaturated ester or allyl alcohol was recovered.
cyclopentanones but also to α-benzylidene-γ-lactones or α-benzylidene-γ-lactams to give α-benzyl-substituted products in 100% conversion with 94~98% enantioselectivity (Scheme 8). 1-Indanone derivatives reacted in a similar manner. In the case of α-benzylidene cyclohexanone, δ-lactone or δ-lactam, enantioselectivity lowered. Though the ligand is an equilibrium mixture of two diastereomers due to free rotation along the axis, complexation with iridium fixed axial chirality to (S) to provide a single diastereomer. Efficiency of conversion of substrates depended on counter anions, in which very weakly coordinating BAr F was optimal than Cl or PF 6 .
Scheme 8: Hydrogenation of cyclic α-arylidene ketone, lactone or lactam with Ir/phosphine-oxazoline [14] .
An iridium complex with H 8 -BINOL P,N-ligand was also highly effective to five-membered substrates (Scheme 9), while moderate enantioselectivity was observed for indanone or tetralone derivatives. The counter anion BAr F in this catalyst was suitable for better conversion than Cl or PF 6 anion. Toluene was optimal for the reaction. SpinPHOX/Ir catalyst had generality especially toward not only 5~6 membered α-benzylidene ketones but also lactones or lactams (Scheme 10, Equation 1). No example was reported on hydrogenation of acyclic α,β-unsaturated ketones. A model of the enantioselective induction was proposed that the hydrogen bonding between the carbonyl moiety and Ir-H had significant impact on the approach of the C=C double bond to the iridium center during the catalysis. This reaction condition was applied to the synthesis of non-steroidal antiproliferative reagent, loxoprofen (Scheme 10, Equation 2). Notably two chiral centers were generated in one pot operation.
The utility of SpinPHOX ligand was exemplified by the reduction of α,α-bisbenzylidene derivatives to furnish spiro-acetal compounds in high enantioselectivity (Scheme 11). Substituents on the phenol ring did not influence the reaction. Iridium (III) species generated by the reduction of the iridium complex played a role as a chiral Lewis acid catalyst for the subsequent spiro ketalization.
Scheme 11: Hydrogenation of α,α'-bis(2-hydroxyarylidene) ketone and spiroketalization with Ir/SpinPHOX [17] . P,P-ligands have been employed in a variety of organic reactions catalyzed by organometallic complexes. Among them, BINAP was a pioneering chiral ligand, which has been expressing higher generality and enantioselectivity in various reactions. While iridium has been employed so far as a central metal with P,N-ligands, ruthenium acetate or ruthenium chloride were employed as BINAP complexes to effect the reduction of α-alkylidenecyclopentanones or α-alkylidene-γ-lactones in highly enentioselective manner (Scheme 12). Enantioselectivity in the reduction of γ-alkylidene-γ-lactones was also high, in spite of lower enantioselectivity towards α-benzylidenecyclopentanones and α-alkylidenecyclohexanones. Ru(H)X(BINAP) was suggested to be an active catalyst, in which steric and electronic properties of the ligand were reflected on the catalyst activity.
Scheme 12: Hydrogenation of α-alkylidene ketones and lactones with Ru/BINAP [18] .
A reduction by iridium complex having P,S-ligand was carried out (Scheme 13). The ligand was prepared starting from arylglycidol. Not only α,β-unsaturated ketones but also unfunctionalized simple trisubstituted olefins, unsaturated esters, allyl alcohols, vinylsilanes as well as vinylboranes have been reduced in highly enantioselective manner. Every substrate required an aryl group at the β-position. 1,1-Disubstituted olefins were also reduced similarly. In the reaction carried out in propylene oxide, the solution containing the catalyst could be recycled three times after extraction of the product with n-hexane without changing the yield and enantioselectivity.
Scheme 13: Hydrogenation of acyclic α,β-unsaturated ketones with Ir/P,S-ligand [19] .
Examples of enantioselective reduction of α,β-unsaturated ketones having heteroatom at the α-position are not enough and further investigation is needed in view of the utility of products. α-Amino ketones are important synthetic precursors for pharmaceutical compounds such as amphetamine, which have been synthesized mainly from chiral α-aminoacids. Among a variety of bisphosphine ligand such as TangPHOS, BINAP or Binapine, DuanPHOS exhibited the best results in yield and enantioselectivity (Scheme 14). Under the reaction conditions, prolonged reaction time resulted in further reduction of the carbonyl group. There is no example of β-aryl substrates. Efficiency of the catalyst was higher enough to reach S/C 10,000 though the reaction required prolonged time. Syntheses of chiral α-hydroxyketones have been carried out through oxidation of enolates or enol-ethers, reduction of α-diketones or kinetic resolution. An alternative method was successful by the reduction of α-acetoxy-α,β-unsaturated ketones employing Rh/DuanPHOS (Scheme 15). Substitution of fluorine or chlorine atom on the aromatic ring of substrates reduced enantioselectivity.
Scheme 15: Synthesis of chiral α-acetoxy ketones by hydrogenation with Rh/DuanPHOS [21] .
Introduction of chiral center at β-position of ketone A reduction of isophorone using (S)-proline as a chiral source has been reported under the similar reaction conditions as presented in Scheme 1 and 2. Reactivity of the palladium catalyst was dependent on supports, in which TiO 2 or BaCO 3 lowered conversion and enantioselectivity [22] . Although the enantioselective reduction was initially proposed to proceed on the surface of the catalyst after the formation of an iminium cation from isophorone and proline, reinvestigation of the mechanism suggested kinetic resolution of 3,3,5-trimethylcyclohexanone [23] . Subsequently, better protocol to use palladium on MgO has been developed in the presence of stoichiometric amount of proline (Scheme 16).
Scheme 16: Hydrogenation of isophorone with heterogeneous Pd catalyst and (S)-proline [24] .
Vincamine alkaloid exhibited moderate enantioselectivity for the reduction of isophorone (Scheme 17).
Scheme 17: Hydrogenation of isophorone with Pd and ethyl dihydroapovincaminyl [25] .
An enantioselective reduction using homogeneous Co catalyst with chiral monodentate P-ligand was reported (Scheme 18). The absolute stereochemistry of neomenthyl group in the ligand is not described. A chiral N,S-ligand derived from proline has been employed in the reduction of isophorone (Scheme 19). It was proposed that the N,Sligand coordinated on the surface of palladium nanoparticle formed dienamine with isophorone, which was followed by enantioselective reduction.
Scheme 19: Hydrogenation of isophorone with Pd and thiomethylpyrrolidine [27] .
An efficient reduction of acyclic α,β-unsaturated ketones was accomplished by using iridium complex, which had sulfoximine P,N-ligand developed by Bolm et al. [28] The Ir/P,N-ligand complex was characteristic to reduce sixmembered pro-chiral alkene, in which cyclohex-2-en-1-one, 5,6-dihydro-2H-pyran, 3,4-dehydropiperidine or unsaturated δ-lactone has been reduced in high conversion and enantioselectivity (Scheme 22), whereas enantioselectivity toward dihydrofuran or dihydropyrole was moderate. In 3-phenylcyclohex-2-en-1-one, further reduction of the carbonyl group proceeded when CH 2 Cl 2 was used as a solvent. Trifluoroethanol (TFE) played a role to lower Lewis acidity of the Ir/P,N complex, which prevented further 1,2-reduction of the ketone. An enantioselective reduction by homogeneous palladium complex with chiral ligands was not common, in spite of a variety of reductions catalyzed by iridium, rhodium or ruthenium complex. Combination of palladium trifluoroacetate and chiral spiro-bidentate (S)-An-SDP ligand realized good enantioselectivity toward acycic α,β-unsaturated ketones (Scheme 24). TFE was the optimal solvent on the reaction. Since the reduction did not proceed in the absence of hydrogen, possibility of the reduction by palladium hydride generated from TFE (vide Scheme 40) was denied. The spirocyclic SDP ligand showed better enantioselectivity than axially chiral bisphosphine ligand. Examples of an enantioselective reduction of α,β-unsaturated ketones having heteroatom at the β-position are less common. Rhodium complex having DuanPHOS ligand was successful in the reduction of acyclic β-acetylamino-α,β-unsaturated ketones (Scheme 25). ZhangPHOS ligand, a dodecahydro-derivative of DuanPHOS, was also effective for the same reaction (Scheme 26). In addition to the enantioselective reduction of the C=C double bond at atmospheric pressure, subsequent post-pressurization at 20 atm enabled diastereoselective reduction of the carbonyl group to furnish 1,3-aminoalcohol in anti>syn 20:1 ratio and 99% enantioselectivity. ZhangPHOS was synthesized from chiral trans-1,2-cyclohexane dicarboxylic acid.
Scheme 26: Hydrogenation of acyclic α,β-unsaturated ketones with Rh/ZhangPHOS [35] .
A reduction of isophorone employing more rigid TBPC ligand was reported (Scheme 27). The Ru/TBPC catalyst was specific to isophorone and other cyclic and acyclic β-methyl-α,β-unsaturated ketones resulted in low conversion and enantioselectivity. A ruthenium complex having atropisomeric triphenylphosphine ligand was developed for the reduction of cyclic α,β-unsaturated ketones, which was also effective for the reduction of 2-pyrone into δ-lactone (Scheme 28). Addition of HBF 4 was required to exchange the acetate anions into weakly coordinating BF 4 anion and to make the solution more acidic, which enhanced the catalytic activity.
Scheme 28: Hydrogenation of cyclic α,β-unsaturated ketones with Ru/diphenylphosphine ligand [37] .
Combination of rhodium catalyst for hydroformylation and CHIRAPHOS ligand promoted enantioselective reduction (Scheme 29). The catalyst was treated beforehand with syn-gas for activation. Presence of a small amount of CO was required for the reduction to form monohydride carbonyl complex HRh(CO) 2 CHIRAPHOS, which was confirmed by NMR. It was proposed that the catalyst follows a frustrated hydroformylation pathway (monohydride-based mechanism), since both hydrogen atoms at the α-and β-positions derived from different H 2 . The reduction was independent to solvents and the catalyst was active even without solvent. After distillation of the product and the solvent, the remaining catalyst was recycled three times.
Scheme 29: Hydrogenation of cyclohex-2-en-1-ones with Rh/CHIRAPHOS [38] .
DTBM-SEGPHOS ligand developed by Takasago has been used for a variety of enantioselective reactions and superior to BINAP in some reactions. Rhodium complex with the ligand was applicable to the reduction of 3-alkylcyclohex-2-en-1-one in higher enantioselectivity (Scheme 30). The reaction was extended to highly efficient transformation of piperitenone into (+)-pulegone and (-)-menthol in a mole-scale (Scheme 31), in which S/C of Rh/DTBM-SEGPHOS reached to 50,000. It is worthy of note that the activity of the catalyst and regio-as well as enantioselectivity were improved by the addition of halogen and enabled selective reduction of s-trans endo-double bond of piperitenone. Phosphonium salt (CH 2 CH 2 PPh 3 Br) 2 was optimal as a halogen source. It was proposed that after the formation of halogen-bridged neutral dimer, [RhBr(DTBM-SEGPHOS)] 2 as a pre-catalyst, its monomer worked as an active catalyst. In the case when RhI(SEGPHOS) was used, s-cis exodouble bond of piperitenone was selectively reduced. Prior to the reduction of the isopropenyl group of pulegone, 1,2-reduction of the carbonyl group of pulegone was carried out to avoid epimerization of the isopropyl group of resulting menthone, in which Ru catalyst exhibited 95% diastereoselectivity with very high S/C ratio. The diastereoselective reduction of the isopropylidene group proceeded from the same face of the hydroxyl group in 92% diastereoselectivity by another Ru catalyst. Recrystallization provided (-)-menthol of 99% enantiomeric purity. A complex of Cu(I) with DTBM-SEGPHOS was used for the reduction of isophorone double bond efficiently (Scheme 32), while acyclic unsaturated ketone provided preferentially allyl alcohol under the same reaction conditions. Treatment of piperitenone resulted in independent reduction of endo-double bond or carbonyl group, respectively. Rh/JOSIPHOS catalyst was applied to the synthesis of a synthetic intermediate of LY500307, an agonist of ERβ. Addition of Zn(OTf) 2 improved S/C to 2,000 (Scheme 34), while the starting material was recovered in the absence of Zn(OTf) 2 . Though addition of a Brönsted acid also increased conversion yield, epimerization at the α-position was promoted. Lewis acid might assist formation of methylhemiacetal of the starting material, whose hydroxyl group played a role as a directing group to coordinate to the chiral catalyst. The absolute stereochemistries of products were dependent on the geometries of substrates in the acyclic α,β-unsaturated ketones, in which opposite enantiomers were obtained from (E)-and (Z)-enones respectively under the same reaction conditions.
Introduction of chiral centers
Scheme 34: Hydrogenation of tetra-substituted α,β-unsaturated ketone with Rh/JOSIPHOS [42] .
Enantioselective Catalytic Conjugate Reduction
The use of hydrosilane as a safe and inexpensive reductant is compatible to 1,4-conjugate reductions of α,β-unsaturated ketones remaining the carbonyl group intact. Buchwald et al. showed that the complex combining Cu(I) and BINAP ligand reduced cyclohex-2-en-1-ones by polymethylhydrosiloxane (PMHS) in highly enantioselective manner (Scheme 35). It was suggested that the reduction proceeded through formation of (p-tol-BINAP)CuH by σ-bond metathesis between (p-tol-BINAP)CuOt-Bu and PMHS, subsequent 1,4-conjugae addition to enones followed by formation of Cu enolates. Lipshutz et al. exploited similarly a series of enantioselective catalytic conjugate reduction with PMHS, in which acyclic unsaturated ketones were reduced by employing Cu/PPF complex in the presence of NaOt-Bu (Scheme 36).
Scheme 36: Conjugate reduction of acyclic α,β-unsaturated ketones with Cu/PPF [44] .
For the reduction of cyclic unsaturated ketones, SEGPHOS ligand was optimum to record S/C 275,000 (Scheme 37). Subsequently, a combination of a heterogeneous Cu(II)/C and SEGPHOS was developed to accomplish high enantioselectiviy (Scheme 38). The Cu(II)/C was prepared by sonication of aqueous suspension of activated charcoal and Cu(NO 3 ) 2 . The catalyst recovered by filtration exhibited the same results for the second reduction without adding extra ligand, which indicated complex formation between ligand and Cu. In addition, enantioselective 1,4-reduction of acyclic α,β-unsaturated ketones along with 1,2-reduction of arylimines or arylketones was reported according to this protocol.
Scheme 38: Conjugate reduction of isophorone with heterogeneous Cu/DTBM-SEGPHOS [46] .
In the reduction using Rh/PHEBOX complex, not only unsaturated ketones but also unsaturated esters afforded 1,4-conjugate reduction products, while 1,2-reduction predominated in α,β-unsaturated aldehydes (Scheme 39). Conjugate reductions by hydrosilane as reducing agents realized high yield and high enantioselectivity. However, for process scale reactions, there still remain some issues regarding atom economy, higher cost of silanes, hydrolysis of silylenol ethers in work-up process and disposal of silane waste. A drawback of the reaction was lower reactivity towards unsaturated ketones having more bulky β-substituents and no reactivity towards unsaturated esters, which were improved by replacing BINAP ligand into DUPHOS ligand in the presence of MS 4Å (Scheme 41).
Enantioselective Organocatalytic Transfer Hydrogenation
A hydrogenation by organic molecules as a hydride source is advantageous for smaller scale reaction especially due to tolerance to a variety of functional groups, experimental safety and convenience at the expense of atom economy.
A transfer hydrogenation employing formic acid and triethylamine with Rh/P,P-ligand complex has been reported, though the enantioselectivity was not satisfactory (Scheme 42). The reduction proceeded on α,β-unsaturated esters or acids in 22~88% ee. A rate of the reaction was similar to ordinary catalytic hydrogenation. Studies on organocatalysts are rapidly expanding area in a variety of organic reactions. A study on reduction is not an exception, and organocatalytic enantioselective 1,4-conjugate reductions have been reported by employing Hantzsch ester as a hydride source [51] . MacMillan et al. demonstrated the imidazolidinone trifluoroacetate as an organocatalyst for 1,4-conjugate reduction of acyclic α,β-unsaturated aldehydes under mild reaction conditions in high yield with high chemo-and enantioselectivity (Scheme 43). This is a fascinating method to reduce only double bond remaining the formyl group intact, which could not be done by other method. Characteristic feature of present protocol is enantioconvergency, in which both (E)-and (Z)-unsaturated aldehydes or their mixture furnished the same (S)-enantiomer through isomerization of intermediary dienamines into thermodynamically stable (E,E)-iminium cation (Scheme 43). List et al. reported the same reaction also (Scheme 44).
Scheme 44: Transfer hydrogenation of acyclic α,β-unsaturated aldehydes and acyclic α,β-unsaturated ketones with chiral imidazolidinone [53] .
The transfer reduction was extended to cyclic unsaturated ketones of various ring size (Scheme 45). In addition to alkyl substituents at the β-position, Ph, OPh, COMe or CO 2 Me group was compatible to this reaction. Chiral induction was explained that the reaction proceeded via hydrogenation of si-face of the iminium cation possessing cis configuration between the double bond and benzyl group formed from the unsaturated ketone and the catalyst.
Scheme 45: Transfer hydrogenation of cyclic α,β-unsaturated ketones with chiral imidazolidinone [54] .
Similar transfer hydrogenation by organocatalyst was reported by List et al. using binaphtylphosphoric acid catalyst (Scheme 46). Though the reaction proceeded slower, not only β-alkyl 5~7-membered unsaturated ketones but also acyclic unsaturated ketones were reduced highly efficiently. An intermediate, which connected iminium ion, Hantzsch ester and phosphoric ion by hydrogen bonding was proposed. (R)-Citronellal was prepared in 71% yield and 90% ee according to this method.
Scheme 46:
Transfer hydrogenation of cyclic α,β-unsaturated ketones with chiral binaphthylphosphoric acid [55] .
Because contamination of a heavy metal in products is extremely restricted especially in pharmaceutical chemicals, reduction by organomolecular catalysts has advantage along with high yield and enantioselectivity. Conjugate reduction of α,β-unsaturated aldehydes could not be accomplished without these protocols. However the use of Hantzsch ester as a hydride source remained issues in atom economy for process scale synthesis, which necessitates alternative more efficient hydride source or reduction of the resulting pyridine back to Hantzsch ester during the reaction.
Conclusion
Introduction of chiral centers by enantioselective catalytic reduction has much advantages compared to other conventional asymmetric inductions such as alkylation or conjugate addition, because the reaction is clean, accompanies less byproducts, has good atom economy and is operationally simple, which is a promising protocol especially for process scale syntheses of highly functionalized chemicals such as natural products and pharmaceuticals. These advantages have driven investigation of enantioselective reduction of a variety of substrates such as α,β-unsaturated carboxylic acid and their derivatives. In spite of adequate protocols in enantioselective reduction of such substrates, attention was not paid much on the introduction of chiral centers at α-or β-position of ketones by hydrogenation, because other conventional protocols such as enantioselective alkylation or protonation at α-position or conjugate addition to β-position have been well studied. Difficulty of chemoselectivity to reduce C=C double bond in α,β-unsaturated ketones might be an additional reason to dismiss enantioselective reduction.
As shown in this review, enantioselective reduction of α,β-unsaturated ketones has substrate specificity still and there are not general catalysts and ligands applicable to a wide variety of substrates. Development of catalytic systems having much higher enantioselectivity, more applicability to a range of substrates and ability for process scale reaction is an important research theme, and further advance in this area is expected.
Because there have been continuing demand to introduce chiral centers at α-and/or β-positions of ketones in natural product synthesis, enantioselective catalytic hydrogenation of unsaturated ketones will keep developing as important protocols.
